The equilibrium molecular structure of the hexasilsesquioxane, Si 6 O 9 (OSiMe 3 ) 6 , has been determined in the gas phase by electron diffraction. With OSi-containing substituents on the cage silicon atoms, this molecule closely resembles the moiety that if reproduced in a periodic manner would yield a zeolite-type structure. Semi-empirical molecular-dynamics (SE-MD) calculations were used to give amplitudes of vibration, vibrational distance corrections (differences between interatomic distances in the equilibrium structure and the vibrationally averaged distances that are given directly by the diffraction data) and anharmonic constants. A number of different SE-MD methods were tested, and their results are compared. This current study of Si 6 O 9 (OSiMe 3 ) 6 provides the first experimental determination of the structure of a hexasilsesquioxane in the gas phase, giving structural parameters for the polyhedral compound that are not perturbed by solid-state packing effects, and which may therefore be compared to calculated structures. This is also the first gas-phase structure of a molecule with only oxygen atoms bonded to silicon, with the consequence that it relates to the silicate anion, [Si 6 O 15 ] 6− , and potentially to a zeolite structure containing six-and eight-membered rings. As with the determination of experimental equilibrium structures for other silsesquioxane structures [6 -8], molecular-dynamics simulations have been used to predict vibrational quantities required for use in the gas electron diffraction (GED) refinement. Several different semi-empirical molecular-dynamics (SE-MD) methods have been tested to gauge the importance, or otherwise, of d-type orbitals for calculating amplitudes of vibration and vibrational distance corrections for silsesquioxanes.
Introduction
The chemistry of polyhedral silsesquioxanes has been the subject of increasing interest in recent years, with particular focus on the cubic octasilsesquioxanes of general formula Si 8 O 12 R 8 , which have found many applications [1] . Much less widely studied are the closely related hexasilsesquioxanes, Si 6 O 9 R 6 , which are usually prepared in low yields by hydrolysis of alkyltrichlorosilane or alkyl(trisalkoxy)silane precursors, routes that tend to give the octasilsesquioxanes in preference [1] . It is these low-yield syntheses and the relative inaccessibility of the Si 6 O 9 R 6 compounds compared to the Si 8 O 12 R 8 analogues that has hampered studies on these compounds. However, the related silicate anion [Si 6 O 15 ] 6− is formed in a variety of reaction media, for example aqueous or aqueous methanolic solutions derived from reactions involving silica gel or Si(OEt) 4 and tetraalkylammonium hydroxides. (See, for example, references [2 -4] , and references therein.) Under appropriate reaction conditions [2 -4] the [Si 6 O 15 ] 6− anion can be formed in strong preference to the [Si 8 O 20 ] 8− anion, and this allows derivatisation of the anion via silylation reactions [3, 5] . Thus, reaction of [Si 6 O 15 ] 6− with excess Me 3 SiCl affords Si 6 O 9 (OSiMe 3 ) 6 as an air-stable white solid [5] .
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Experimental Section

Computational studies
Previous geometry optimisations for silsesquioxanes [6, 8] have shown that the inclusion of basis sets with extra polarisation functions is necessary to calculate accurate Si-O bond lengths. They have also shown that MP2 and B3LYP calculations give broadly similar results for these sorts of systems. Geometry optimisations for Si 6 O 9 (OSiMe 3 ) 6 were therefore performed (using the GAUSSIAN03 suite of programs [9] , with the resources of the EPSRC National Service for Computational Chemistry Software [10] ) with the 6-311G(d) [11] and 6-311++G(3df,3pd) basis sets, using the B3LYP [12] method. Calculated coordinates from the highest level calculation are given in Table S1 (see note at the end of the paper for Supporting Information available online).
As electron-diffraction experiments yield time-averaged structures, in which the effects of vibrations may affect measured interatomic distances, it is common to compute corrections to apply to the distances. This allows more accurate comparison of theoretical and experimental structures to be made. Here, the molecular dynamics (MD) method of obtaining distance corrections, starting values of amplitudes of vibrations, and anharmonic constants has been used. This method is discussed in greater detail elsewhere [6, 7] , and only details of the calculations pertinent to this work are given.
Previous GED studies using the MD method have employed plane-wave DFT-MD simulations to estimate the vibrational quantities. Si 6 O 9 (OSiMe 3 ) 6 is a much bigger molecule than those previously studied, and test simulations suggested that a DFT-MD simulation would be prohibitively expensive to perform. Some semi-empirical molecular dynamics (SE-MD) simulations have been performed previously for the Si 8 O 12 Me 8 and Si 10 O 15 H 10 silsesquioxanes, although these results were never published. They suggested that SE-MD should be suitable for this class of compounds, although no in-depth investigation of the most appropriate methods was undertaken. All SE-MD calculations for Si 6 O 9 (OSiMe 3 ) 6 were performed using the resources of the EaStCHEM research computing facility [13] running the CP2K code [14] . A geometry optimisation was initially carried out using the PM6 method [15] , before the optimised geometry was used as the starting geometry for an SE-MD simulation in the NVT ensemble. The canonical sampling via velocity rescaling (CSVR) thermostat was used to control the temperature [16] . A time step of 0.5 fs was used, and the simulation was run for 30 ps. The process of performing geometry optimisations followed by SE-MD simulations was repeated using the PM3 [17] , AM1 [18] , MNDO [19] and MNDO/D [20] methods, allowing the effects of different levels of theory on vibrational quantities to be determined.
Following the completion of the molecular-dynamics simulations, amplitudes of vibration, distance corrections, and anharmonic constants were determined using MDSIM v0.4.0 [21] , which computes this information from the calculated equilibrium geometry and the many interatomic distances assumed by each atom pair during the MD simulation. 6 O 9 (OSiMe 3 ) 6 The silsesquioxane Si 6 O 9 (OSiMe 3 ) 6 was prepared in 51 % yield by trimethylsilylation of [Et 4 N] 6 [Si 6 O 15 ] 6− using the procedures previously described [3, 5] . NMR spectroscopic data for solutions in CDCl 3 are: 1 H: δ = 0.19 ppm; 13 C: δ = 1.20 ppm; 29 Si: δ = 14.5 ppm (SiMe 3 ), −99.1 ppm (SiO 4 ).
Preparation of Si
Gas electron diffraction
Data were collected for Si 6 O 9 (OSiMe 3 ) 6 using the Edinburgh gas-phase electron diffraction (GED) apparatus [22] with an accelerating voltage of 40 kV (equivalent to an electron wavelength of approximately 6.0 pm). The experiments were performed at two different nozzle-to-film distances to maximise the range of scattering data available. The scattering intensities were recorded on Kodak Electron Image films; nozzle-to-film distances and nozzle and sample temperatures are given in Table 2 . The camera distances were calculated using diffraction patterns of benzene recorded immediately after each of the sample runs. The scattering intensities were measured using an Epson Expression 1680 Pro flat-bed scanner and converted to mean optical densities using a method described elsewhere [23] . The data were then reduced and analysed using the ed@ed least-squares refinement program v3.0 [24] , employing the scattering factors of Ross et al. [25] . The weighting points for the off-diagonal weight matrix, correlation parameters and scale factors are shown in Table S2 .
The GED refinement procedure used here for Si 6 O 9 (OSiMe 3 ) 6 gives interatomic distances that we have termed r e,MD , indicating that corrections of the form r a − r e have been determined from the PM6 SE-MD simulations described above. The calculated amplitudes of vibration used as starting values in the refinement were also taken from MD simulations, and are termed u MD .
Results and Discussion
Computational studies
Geometry optimisations
All calculations indicate that D 3h -symmetric structures are real. The OSiMe 3 groups are bent at the oxygen atom, although the value is very dependent on method and basis set. The direction of the bend is away from the C 3 rotation axis as shown in Fig. 1 .
Molecular-dynamics simulations
The calculated amplitudes of vibration and distance corrections for selected bonded and non-bonded distances using AM1, PM3, PM6, MNDO and MNDO/D, are given in Table 1 . The results from the PM6 level of theory were judged to be best based on the values for the Si-O amplitudes of vibration. In the previous study of Si 8 O 12 H 8 [6] , the refined Si-O amplitude of vibration was observed to be 4.5(1) pm. While the PM6 method gives Si-O amplitudes close to this value, the other methods give significantly lower values. The amplitudes of vibration and distance corrections from the PM6 method were subsequently used for the GED refinement. Values for all atoms pairs are given in Table S3 . Generally the amplitudes of vibration for the bonded distances are smaller for methods other than PM6 and larger for the non-bonded distances. AM1, PM3 and MNDO all produce large distance corrections, especially for the non-bonded distances across the cage. There is also disagreement between the vibrational corrections calculated from the simulations using these three methods and those using PM6 and MNDO/D. The major difference between the two groups of methods is the inclusion of d-orbitals for the PM6 and MNDO/D levels of theory. This is important when carrying out calculations for molecules that include second-row main-group elements. The MD simulations identified very large-amplitude motions of the OSiMe 3 groups. The inclusion of d-type orbitals is therefore important to obtain realistic barriers for these motions and has proven to be essential in these semi-empirical simulations.
As was the case for light-atom bonded pairs in previous GED studies of silsesquioxanes [6 -8] , the MD method underestimates the C-H amplitudes of vibration because the simulations are performed using classical dynamics. (See ref. [7] for a more detailed discussion of this problem.) This results in the neglect of zero-point energy contributions to the thermal motion and prohibits the possibility of quantum-mechanical tunnelling. For Si 8 O 12 Me 8 and Si 10 O 15 H 10 this was not a substantial problem, but resulted in the calculation of C-H and Si-H amplitudes of vibration, respectively, that were about 50 % too small. Similar sorts of vibrations and low-frequency oscillations of the OSiMe 3 groups are seen here, and as a result the C-H amplitudes of vibration have also been underestimated. The starting values used for the GED refinement were therefore taken to be refined values from the Si 8 O 12 Me 8 structure [6] .
GED refinement
A model was written for Si 6 O 9 (OSiMe 3 ) 6 to allow the refinable geometrical parameters to be converted to Cartesian coordinates. The high symmetry of the molecule (D 3h ) indicated by the ab initio calculations allowed the geometry to be described using 15 parameters (see Table 2 ).
Four different Si-O bond lengths were described using the average value and three difference parameters: 
Two further distance parameters were used, namely the mean Si-C bond length (the calculations showed that the variation in Si-C distances was small) and a mean value for the C-H bond length (p 5−6 ). Three Si−O−Si angles (p 7−9 ) were used, two to determine the geometry of the cage and one for positioning the ligand. ∠X−A−O (p 10 ) was the final parameter required to generate the cage geometry. X is the point at the centre of the triangle formed by three silicon atoms that form part of one of the six-sided faces of the cage, and A lies half way between two of those silicon atoms. The final five angles complete the definition of the ligand groups. The OSiMe 3 groups are modelled with local C s symmetry. As such they require two O−Si−C angles, which are described as the average of the two different ones and the difference between them (p 11−12 ) , and one of the two different C-Si-C angles must also be defined (p 13 ). The methyl groups are modelled with local C 3v symmetry and are assumed to be perfectly staggered with no tilt about their axes of rotation (calculations suggest that these are both reasonable approximations), and so a single Si-C-H angle is defined (p 14 ). Finally, the X-Si-O angle (p 15 ) is used to position the OSiMe 3 groups relative to the cage. (See Fig. 1 for a picture of the molecular structure complete with atom numbering.)
For the refinement of the structure of Si 6 O 9 -(OSiMe 3 ) 6 flexible SARACEN restraints [26] were applied to parameters that could otherwise not be refined. As can be seen from Table 2 , these are primarily difference parameters and those related to the hydrogenatom positions. These parameters were restrained to values obtained from B3LYP/6-311++G(3df,3pd) calculations, and the uncertainties were estimated from observations of the spread of values when different basis sets and levels of theory were used for the geometry optimisations. Amplitudes of vibration for distances under the same peak in the radial-distribution curve (RDC) were constrained by ratios fixed at the calculated values, and only one amplitude for each group was refined. The amplitudes of vibration for the C-H bonded pairs were underestimated as a result of the classical nature of the MD simulations. We have previously shown that the use of path-integral MD methods can overcome this problem [7] . However, the unstable implementation of the path-integral code in CP2K renders the collection of MD-simulated data impossible and so we have not been able to do this for Si 6 O 9 (OSiMe 3 ) 6 . Instead the C-H amplitudes of vibration (the only parameter that is significantly affected by the classical MD approach) were started from the refined value (8.3 pm) obtained for Si 8 O 12 Me 8 [6] . A list of amplitudes of vibration, their constraints and the corresponding distances for the most significant atom pairs is given in Table S3 . Some amplitudes were also restrained using the SARACEN method. Also given are the anharmonicity (Morse) constants derived using the MDSIM code as described elsewhere [7] . These values seem to be reliable, with bonded atom pairs having values that are positive and generally in the region of 10 -20 nm −1 . For the non-bonded pairs the values are generally smaller, and some are small and negative.
The final R G factor for the fit between the theoretical scattering (generated from the model) and the ex- 6 . Before Fourier inversion the data were multiplied by s · exp(−0.00002s 2 
perimental data for Si 6 O 9 (OSiMe 3 ) 6 was 0.091 (R D = 0.070). The final radial-distribution curve is shown in Fig. 2 , and the corresponding molecular-intensity scattering curves are shown in Fig. S1 . Coordinates for the final structure are given in Table S1 , and the leastsquares correlation matrix is in Table S4 .
Solid-state structural studies of Si 6 O 9 (OSiMe 3 ) 6 and a range of alkyl and aryl derivatives of the hexasilsesquioxane cage, as well as for salts of [Si 6 O 15 ] 6− , have been undertaken in the literature, as have some computational studies of Si 6 O 9 H 6 and other Si 6 O 9 R 6 derivatives with small substituents; data from these studies and this work are given in Table 3 . The Si-O bond lengths shown in Table 3 are generally close to those found in a wide variety of other compounds containing Si-O bonds (ca. 162.9 pm) [27] , with the Si-O distances within the Si 3 O 3 rings being slightly longer than those found solely within the Si 4 O 4 rings, as has been noted previously [27] . The Si-O-Si angles fall in a fairly narrow range of 129 -133
• for the angles within the Si 3 O 3 rings and 138 -141 • for the angles within only the Si 4 O 4 rings. A similar difference has been described for simple cyclosiloxanes (R 2 SiO) n , where the averages are 132.8 and 148.9 • , respectively, for n = 3 and 4 [6] . It should be noted that several single-crystal X-ray structural studies have been carried out for related Ge 6 O 9 R 6 compounds (for example, R = i Pr [28, 29] , t Bu [30] and cyclo-C 6 H 11 [28, 29] ), and the structure of the related Sn 6 O 9 H 6 cage compound has been calculated [31] .
Given the flexibility of Si-O-Si moieties, the remarkable feature of the data in Table 3 is the invariance of the structures. The ring Si-O distances are at the short end of their recorded range in Si 6 O 9 (OSiMe 3 ) 6 , although that can simply be attributed to the effect of the electronegative substituents. However, the Si-O-Si angles in the six-membered rings are also at the narrow end of their reported range, while those that are in both six-membered and eight-membered rings are at the wide end of their range. The values of these angles are of course correlated, so it may be that the less extreme values found in other molecules may be attributed to vibrational effects, rather than to inherent chemical differences.
Another interesting feature of the structure of Si 6 O 9 (OSiMe 3 ) 6 is the pendent ligands attached to the cage silicon atoms. These effectively form the linker atoms that would be required to extend this structure in additional dimensions -in short, this isolated molecule is the closest yet to a fragment of a zeolite structure (although admittedly zeolites with only six-and eightmembered rings have not yet been observed). An obvious next step in the study of gas-phase silsesquioxanes would be to study cage structures known in the zeolite literature with OSiMe 3 
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Tables of calculated coordinates at the B3LYP/6-311++(3df,3pd) level and final GED-determined coordinates (Table S1 ), experimental parameters for the GED analysis of Si 6 O 9 (OSiMe 3 ) 6 (Table S2), refined and calculated RMS amplitudes of vibration (u), associated r a distances, corresponding correction values and anharmonic constants (Table S3) , and least-squares correlation matrix (Table S4 ) for the refinement of Si 6 O 9 (OSiMe 3 ) 6 . Molecular-intensity scattering and difference curves for Si 6 O 9 (OSiMe 3 ) 6 (Fig. S1) . Values in parentheses are the standard deviations on the last digits. See Fig. 1 for atom numbering. 
